Whether used as structural components in design or matrix materials for composites, the mechanical properties of polymers are increasingly important. The compressive response of extruded polymethyl methacrylate (PMMA) rod with aligned polymer chains and Al-Ni-PMMA particulate composites are investigated across a range of strain rates and temperatures. The particulate composites were prepared using an injection-moulding technique resulting in highly anisotropic microstructures. The mechanics of these materials are discussed in the light of theories of deformation for glassy polymers. The experimental data from this study are compared with PMMA results from the literature as well as epoxy-based composites with identical particulates. The PMMA exhibited the expected strain rate and temperature dependence and brittle failure was observed at the highest strain rates and lowest temperatures. The Al-Ni-PMMA composites were found to have similar stress-strain response to the PMMA with reduced strain softening after yield. Increasing volume fraction of particulates in the composite resulted in decreased strength. particle size, loading fractions, particle type and the adhesion between the particulate and the matrix [15, [17] [18] [19] [20] .
Several studies on polymer-based composites with similar microstructures have been reported. These studies have shown that particle size [15, 19, 21, 22] , shape [23] and concentration [24] and properties of the constituents can affect mechanical properties. In Al 2 O 3 particle-filled epoxy (Epon 828/Z), increasing the particle concentration and decreasing the particle size is found to increase the stress corresponding to 4% plastic strain [25] . A study of aluminium particle-filled epoxy (DGEBA/MTHPA) composites has found that a small amount of filler (approx. 5 vol%) increases the compressive yield stress, but additional amounts of filler decrease the compressive yield stress [26] . However, tests on glass-bead-filled epoxy (DOW DER 331/bisphenol-A) found that increasing the volume fraction increased both the yield stress and fracture toughness of the material [27, 28] . In another study on a similar material, decreasing the aluminium particle size from micro to nano resulted in increased epoxy cross-link density and subsequently increased both static and dynamic strength [15] .
In this paper, the compressive response of extruded PMMA rod and PMMA-based particulate composites containing aluminium and nickel particles will be presented. The particulate composites were prepared by injection moulding resulting in highly anisotropic microstructures. The mechanics of these materials in compression will be discussed in the light of theories for glassy polymers. The extruded, anisotropic PMMA-based materials will be contrasted with cast-cure epoxy-based composites considered in previous studies [29] [30] [31] .
Experimental approach (a) Materials
Cylindrical PMMA samples were machined from 25.4 mm diameter extruded rod. Samples for quasi-static compression testing were 8 mm diameter × 8 mm long, and those for dynamic compression testing were 8 mm diameter × 3.5 mm long.
For the particulate composite samples, aluminium and nickel particulates were incorporated into composite samples based on a factorial design of experiments varying the aluminium particle size and aluminium and nickel volume fraction. The nominal aluminium particle size was varied between 5 μm (H3 grade, Valimet, Inc.), 35 μm (H30 grade, Valimet, Inc.) and 50 μm (H50 grade, Valimet, Inc.). All of the aluminium particles where smooth and nominally spherical, typical of gas-atomized powders, with the measured average (d 50 ) particle size of 5.4 μm, 31.0 μm and 51.9 μm for H3, H30 and H50, respectively. The nickel particles (NI-120 grade; Micron Metals, Inc.) had rougher surface texture and more irregular shape, with an average (d 50 ) particle size of 47.5 μm. However, there was also a small fraction of particles in the nickel powder that had an average particle size of 97.4 μm, i.e. the distribution was nominally bimodal. Table 1 details the composite materials prepared for this study.
Each of the composite materials listed in table 1 was processed via injection moulding, to produce specimens with anisotropic microstructures owing to material flow. Injection moulding (Arburg, Inc., Newington, CT, USA) was carried out in a reconfigurable, gated steel mould (Spectracam, Inc., Dayton, OH, USA) at a process temperature above T g (122 • C). No annealing of the specimens was carried out prior to testing at room temperature. Figure 1 shows typical longitudinal and transverse sections through each of the specimens with the injection (flow) directions as indicated.
(b) Dynamic mechanical analysis
Dynamic mechanical analysis (DMA; TA Instruments Q800) was performed on both the PMMA and the composite materials in a single cantilever configuration at 1, 10 and 100 Hz over the temperature range from 148 to 473 K. The samples were 60 mm long × 12.5 mm wide × 3.2 mm thick. 
(c) Quasi-static compression
For PMMA, the quasi-static compression experiments at room temperature were conducted using a screw-driven Hounsfield load frame at strain rates from 10 −3 to 10 −1 s −1 . The strain was measured using a laser extensometer (Fiedler Optoelectronik model P-50), which has a resolution of 0.1 μm, where stripes painted on the compression anvils were tracked. Tests at non-ambient temperatures were performed using a screw-driven Instron load frame with a standard environmental chamber, cooling being provided by liquid nitrogen. The temperature was measured using the standard thermocouple built into the chamber, supplemented by two additional thermocouples attached to the loading anvils, near the specimen. A 'clip gauge' was used to measure the displacement of the anvils, which was in turn used to calculate the strain in the specimen. For the composite materials, compression experiments at quasi-static strain rates (approx. 1 × 10 −3 s −1 ) were conducted with an MTS 810 testing system with a 100 kN test frame and a constant crosshead displacement rate. A thin film of boron nitride with a layer of molybdenum disilicide (MoSi 2 ) grease on top was used to lubricate the surfaces of the platen in contact with the test specimen. In addition to the MTS system recording the loads and displacement of the frame an interfacing software VIC Gauge 2.0 (Correlated Solutions Inc.) was used with a video extensometer system. In this measurement system, a black marker was used to draw multiple (redundant) fiducial markers on the sample. The fiducial markers are tracked in real time to yield two-dimensional displacement data which are converted into (true) strains. Interrupted tests were carried out in order to monitor the state of damage in the specimens versus compressive strain. Damage in the composite materials was quantified by the proportional reduction in elastic modulus versus the un-strained condition.
(d) Intermediate strain rate compression
A custom-built hydraulic load frame at the University of Oxford, UK, was used to access strain rates between 1 and 50 s −1 . A linear variable differential transformer was used to measure the displacement of the loading anvils, from which specimen strain was calculated. The load was determined from a strain gauge-based load cell. Both outputs were recorded using a Tektronix oscilloscope.
(e) High strain rate compression
Compression experiments at high strain rates (approx. 1 × 10 3 and 5 × 10 3 s −1 ) were conducted using a split Hopkinson pressure bar system. The system comprises 1524 mm long, 12.7 mm diameter incident and transmitted bars and 610 mm long striker of 6061-T6 aluminium. The samples were positioned between the incident and transmitted bars. The bar faces were lightly lubricated with grease to reduce friction. The details of the experimental configuration and analysis to determine true strain, ln[l/l 0 ], and true stress for each experiment are presented in a previous paper [32] . The measurement system allows for confirmation of equilibrium in the samples via comparison of one-wave and two-wave analyses at the end of each test. Both the PMMA and the particulate composites were observed to be in equilibrium within 5% strain, with the results of the two-wave analysis oscillating about the one-wave analysis.
Results and discussion (a) Polymethyl methacrylate
As discussed previously, the molecular processes in polymers have a dramatic effect on the strain rate and temperature mechanical properties. DMA can provide insight into the temperature and frequency dependence of both the α-and β-transitions. The results for PMMA are shown in figure 2a. It can be seen that the storage modulus increases with increasing frequency, which has been observed in compressive stress-strain results [6] . Two transitions are seen as peaks in the loss modulus curves. The lower temperature peak is associated with the β-transition. The higher temperature peak is the glass transition or α-transition. Both transitions are frequency dependent; however, the frequency dependence of the β-transition temperature is greater than that of the α-transition. Hence, the α and β peaks begin to overlap in the frequency regime examined in this study, particularly at 100 Hz, which results in a single obvious transition in the storage modulus curve. The compressive response of PMMA from quasi-static to dynamic strain rates is shown in figure 3a . Two or three samples were tested at each strain rate, and the largest variation in yield strength occurred at the highest strain rate (approx. 8%) with the remaining measurements having a variation of 1-2%. All of the yield strength measurements for each sample tested are shown in figure 3b. In the lowest strain rate tests (10 −4 and 10 −3 s −1 ), typical glassy polymer response is observed-initial linear elastic phase, yield, strain softening, nearly perfectly plastic flow, and, finally, strain hardening. Increasing strain rate to 10 −2 s −1 results in adiabatic conditions during the experiment such that thermal softening contributes to the total strain softening; the trend continues to 50 s −1 . In PMMA, this effect dominates over the strain hardening. At dynamic strain rates, the extruded PMMA yields, exhibits dramatic strain softening, and then fails.
The behaviour of the PMMA is similar to that observed by others [5, 33] . In fact, a comparison of the yield stress as a function of strain rate shows that the data from this study agree well with those in the literature, seen in figure 3b. At 2500 s −1 , brittle failure of the PMMA was observed. This is in agreement with Moy et al. [33] , who observed a brittle failure at 1300 s −1 , and Mulliken & Boyce [5] , who observed brittle failure at 1400 s −1 . Additionally, Moy et al. [33] observed melting because of adiabatic heating at strain rates of 3400 s −1 and above.
As seen in figure 3b for the data in this study, there is not an obvious bilinear dependence on strain rate over the range of strain rates studied as observed in many other polymers. The β-transition in PMMA is room temperature at approximately 10 −3 s −1 , as shown by the DMA tests converting frequency to strain rate using the method of Mulliken & Boyce [5] . As such, the β-transition has occurred at the lowest strain rates studied and is playing a role in subsequent tests. Figure 3c shows the temperature dependence of the compressive stress-strain response of PMMA. As expected, the yield strength increases as the temperature is reduced, consistent with studies by other authors and also mirroring the rate dependence, shown in figure 3d. At the lowest temperature (−87 • C), the response becomes brittle, with failure occurring immediately after yield. This is consistent with the polymer being deformed at a temperature below the β-transition at that strain rate, and again mirrors the rate dependence.
(b) Polymethyl methacrylate-based composites
The injection-moulded Al-Ni-PMMA composites were tested in compression at three strain rates. composite formulations, and the largest variation in yield strength occurred at the highest strain rate (approx. 7%) with the remaining measurements having a variation of 1-2%. For the quasistatic experiments, the samples were loaded to 15% strain, unloaded, reloaded to 30% strain, unloaded and finally loaded to 45% strain. It can be seen that unloading and reloading the sample results in a continuous deformation as the samples were not allowed to relax between loading. The behaviour of the composite material is similar to that of the pure PMMA, indicating that the polymer binder is driving the stress-strain response. At quasi-static strain rates, the addition of particulate appears to eliminate the post-yield strain softening, possibly owing to the particles limiting residual strain energy from creating free volume sites owing to the particle inhibition of the chain motion. At intermediate strain rates, the strain softening in the composite is lessened compared with the pure PMMA. This indicates that the adiabatic conditions resulting in strain softening in the PMMA are present in the composite. They may be lessened owing to the inhibition of chain motion, discussed above, or owing to increased heat transfer from the presence of metallic particles. At dynamic strain rates, failure of the composite is observed, similar to the pure PMMA. The yield strength is decreasing with increasing volume fraction of particles, as shown in figure 4d . Figure 4b shows the compressive elastic modulus for all the composites as a function of total volume fraction of particles. The modulus was determined after loading the samples to 15%, 30% and 45% strain, or 0%, 15% and 30% pre-strain, respectively. As expected, the modulus increases [29] [30] [31] is shown along with the corresponding pure epoxy [32] . (d) Peak stress as a function of volume fraction of particles for PMMA and the PMMA composites (RXRW) in contrast with epoxy [32] and epoxy composites (MNML) [29] [30] [31] . Compressive stress-strain curves for the remaining RXRW samples are included in the electronic supplementary material. (Online version in colour.) with increasing volume fraction of particulate. The addition of particles constrains the motion of the polymer chains resulting in increased modulus. Additionally, increasing the per cent of prestrain results in slightly decreased elastic modulus for composites containing the larger (50 μm) Al particles. This supports the hypothesis of increased levels of damage at higher pre-strains. However, for the smaller (5 μm) Al particles, the trend is stronger, and reversed. Possibly the effect of work-hardening of the smaller Al particles is contributing here. Note, also, the sample containing 40 vol% of 5 μm aluminium particles (RXRW-6) does not follow this general trend, further complicating the picture. This scatter in the data may be associated with the anisotropic microstructures resulting from injection moulding. Although all samples were cut from the bulk injection-moulded piece in the same direction, not all samples exhibited the same amount of aluminium particle deformation owing to the injection-moulding process. Additionally, many of the samples contained voids owing to processing, which will also contribute to scatter in the data.
DMA (figure 2b) was conducted on each of the composites to investigate whether the modulus and transition temperatures were affected by the addition of particulate. As seen from the quasi-static compression tests, the addition of particulates to the PMMA increases the modulus, which is confirmed in the DMA results. However, the addition of the particulates has no effect on the α-or β-transition temperatures within the scatter of the data. The compressive response of the PMMA composite is shown in figure 4c in comparison with pure PMMA at a similar dynamic strain rate. The pure PMMA has a higher strength than the composite material. Additionally, the pure PMMA exhibits a slightly higher strain to failure, indicating that the addition of the particulates is increasing the brittle behaviour. This may be owing to poor bonding between the particulates and the polymer binder. As these tests are at dynamic strain rates, it is inappropriate to comment on the absolute value of the modulus owing to equilibrium concerns. However, it appears that the trend is the same in both the pure PMMA and the composite.
(c) Comparison of extruded and cast-cure composites
The compressive responses at high strain rate for PMMA and its composite are shown in conjunction with previously studied epoxy [32] and epoxy-based composites with the same volume fractions and types of particles [29] [30] [31] in figure 4c . In contrast to the PMMA composites, the epoxy composite exhibits a higher strength than the pure epoxy. Additionally, owing to the nature of the epoxy, these materials yield and flow at high strain rates. As seen in figure 4d , the trend in yield strength is that the PMMA composites show decreased strength with increasing particle volume fraction and the epoxy composites show increased strength with increasing particle volume fraction, although there is scatter in the data for the composite materials. Table 2 [32, 34, 35] shows the yield strengths of the polymers and the metal particulates. It can be seen that the yield strength of aluminium is less than that of PMMA and greater than that of epoxy. As the aluminium makes up the bulk of the particulate in these samples, it would be expected from the rule of mixtures that the PMMA composite strength would decrease with increasing volume fraction and the epoxy composite strength would increase.
Generally, in both materials, the composites containing the smaller aluminium particles are stronger than those containing larger aluminium particles. This behaviour is similar to that observed in other particulate composites [36, 37] . There are several explanations for the strengthening effect of smaller particles. It has been found that the adhesion strength between a polymer and the particulate decreases as Young's modulus of the polymer increases [38] . As the strength of the PMMA is quite high for polymeric materials, it is expected that the adhesion strength would be relatively low. Smaller particles have higher surface area than the larger particles, and they are able to bond more effectively to the polymer binder resulting in increased stress transfer between the binder and particulate resulting in increased overall strength [39] , which has been shown to follow a Griffith-type relation [38, 40] . Additionally, if failure is occurring at the particle-binder interface, larger particles provide longer fracture paths than smaller particles [37] .
Additionally, it is interesting that the strengths of the epoxy-and PMMA-based composites seem to merge to a common strength around 50 vol% particles. This may indicate the volume fraction where particle-particle interactions are beginning to dominate the behaviour rather than the polymer binder. As a random packing of particles results in a volume fraction of approximately 64 vol%, it is believable that around 50 vol% stress is being transferred through particle-particle contacts rather than through particle-matrix interactions. However, it is difficult to process particulate composites with greater than 50 vol% particulate so testing at higher volume fractions is prohibited.
Conclusion
The compressive responses of extruded PMMA rod and injection-moulded Al-Ni-PMMA composites were measured over a range of strain rates and temperatures. As expected in PMMA, the compressive response exhibited both a temperature and strain rate dependence. As the β-transition occurs at room temperature at very low strain rates, it is believed to play a role in the strength measurements across all the strain rates in this study. Brittle failure was observed in both the highest strain rate and the lowest temperature tests. The Al-Ni-PMMA composites were found to have similar stress-strain behaviour to the pure PMMA, indicating that the polymer is driving a lot of the response. However, they did show reduced strain softening in both quasi-static and intermediate strain rate tests, owing to the particles inhibiting the motion of the polymer chains. The composites showed decreased strength with increased volume fraction of particles, which is attributed to a rule of mixtures effect since the aluminium has a lower yield strength than the PMMA. Finally, decreasing the particles' size was found to generally increase the strength in the composites owing to the increased surface area for smaller particles resulting in better bonding with the matrix and enhancing stress transfer.
